We investigate the power losses in back-contact backjunction monocrystalline thin-film silicon solar cells. The cells are made from epitaxial layers grown on and separated from porous Si (PSI process). We combine twodimensional finite element modeling with a resistance network simulation. The simulated and measured currentvoltage characteristics agree. Free energy loss analysis reveals that the main limiting loss mechanism of the best cell with 13.5 % efficiency is the high saturation current density at the metal-silicon interface of 5x10 4 fA cm 2 , causing 2.5 % absolute efficiency loss.
INTRODUCTION
We already reported a process for back-contact backjunction (BC BJ) monocrystalline thin-film silicon solar cells using the PSI process [1] . A porous layer etched into the surface of a substrate wafer, served as predetermined breaking point for the lift-off of an epitaxial grown layer. The epitaxial layer had a thickness of 30 µm and an area of 79.2 cm 2 . The cell was processed from this epitaxial layer and had a planar front surface, an efficiency of 13.5 %, and a fill factor of 74 % [1] . The short circuit current density was 28.7 mA cm 2 and the open circuit voltage was 633 mV [1] . In the previous report we did not analyze the relative significance of various loss mechanisms. This analysis is the purpose of this contribution. Standard techniques are quantum efficiency analysis [2] , electroluminescence imaging [3] , light beam induced current mapping (LBIC), and J-V-curve measurements. However, the interpretation of these is not straight forward for BC BJ cells. Simulations of the BC BJ cells are required to understand the measurements. Probably, the most widespread simulation tool is PC1D programmed by Clugston and Basore [4] . Since this is a one dimensional simulation tool and our cell is not laterally homogeneous, it can hardly model our BC BJ solar cell. Instead, we use a two-dimensional conductive boundary (CoBo) model as recently described [5] for solar cell simulations. Highly doped regions at the surface like emitters and back surface fields (BSFs) are treated as onedimensional conductive boundaries. The conductivity and saturation current density characterize the boundaries. We determine these input data for the conductive boundary simulation by measuring test samples processed with the same processes as the solar cells. The series resistance of the aluminum fingers and the contact resistance are not considered by the CoBo simulations. We perform a resistance network simulation using LTSpice [6] to account for this effect. The combination of CoBo and LTSpice simulations is capable of modeling the measured J-V-curves. Free energy loss analysis [7] serves for identification of the efficiency limiting factors of solar cell performance. This analysis calculates the power losses per area of all recombination and transport losses in our cell at the maximum power point so that we can compare all these losses directly.
CELL GEOMETRY
The back-contact back-junction cell has an interdigitated finger structure. Figure 1 shows a schematic cross section of half of a unit cell. A stack of amorphous silicon/silicon nitride passivates the front and the back surface. The rear surface of the unit cell consists of a base and an emitter finger. Both fingers have local contacts to the aluminum. Figure 2a shows a schematic of the top-view with the fulllength local contact openings that are visible prior to the aluminum deposition. In a second type of samples we decrease the contact area by a factor of three by having gaps in the line contact openings, shown in Figure 2b . Figure 2c shows the definition of the unit cells for the resistance network simulation. Table 1 lists the saturation current densities of the different surfaces as determined by measuring test samples. The samples are prepared with the same processes as the cells. However the geometries were selected to allow an easy evaluation. The calculations of the saturation current densities are based on lifetime measurements with infrared lifetime mapping. A detailed description of the determination of these saturation current densities will be published elsewhere [8] . 
EXPERIMENTAL

Table 1 Saturation current densities of cell surfaces
In this paper, we investigate four groups of BC BJ thin-film silicon solar cells. Group A and C have full line contact openings, whereas group B and D have broken line contacts, as shown in Figure 2 . Group A and B have a 20 times higher base doping than group C and D. All the resistances listed in Table 2 are measured on test samples. The transfer length method serves for contact resistance measurements [9] , whereas four-point probe measurements serve for determination of the sheet resistance of the base and of the emitter. The aluminium finger and the emitter finger width are smaller than the width of the unit cells. Therefore, the sheet resistance has to be weighted with the fraction of finger width w finger to unit cell width w unitcell :
All parameters of the four groups A to D are listed in Table  2 .
SIMULATIONS
We combine a two-dimensional half unit cell simulated using the CoBo model [5] with a series resistance network simulation using LTSpice [6] in order to reproduce the measured J-V-characteristics. The CoBo software performs a pure electrical simulation and optical effects are not taken into account. Therefore, we use a generation profile that we model with the software SUNRAYS [10] as input data for our cell simulation. The two-dimensional CoBo model generates a characteristic illuminated currentvoltage-curve. It does not consider the contact resistances of the silicon-metal interface, the series resistances of aluminum fingers and series resistances of the base and of the emitter fingers in the third dimension.
Table 2 Parameters of the four cell groups
We perform a series resistance network simulation using LTSpice in order to include the effect of the resistance losses. The busbar of the solar cell is wide and thus has a low series resistance. Therefore, it does not influence the network simulation and we simulate a single finger that is divided in unit cells as shown in Figure 2c . Figure 3 shows schematically the network of resistances. The photodiodes exhibit the CoBo-simulated illuminated J-V-characteristics. Table 3 shows the power density losses of the unit cells of group A and B obtained from the free energy loss analysis [7] of the finite element simulations. Group A has full line contacts along the finger so that every unit cell of the resistance network has a contact opening. Group B has gaps in the line contact openings where the cell is passivated and the unit cell has no contact opening. In these unit cells we use a high contact resistance of 1×10 5 The unit cells with contacts are dominated by base contact recombination. Shockley-Read-Hall (SRH) recombination is only limiting the performance in the passivated unit cell of group B. The groups with BSF are simulations of hypothetical cells for the determination of the efficiency potential. An implementation of a BSF with a saturation current density of 500 fA cm 2 in contact group B would decrease the losses to 35 W m
FREE ENERGY LOSS ANALYSIS OF THE UNIT CELL
2 . An additional texture would increase the free energy generation and would result in a 27 W m 2 higher extracted power density. Figure 4 shows the simulated and measured J-V-curves of all groups. Every group presents three J-V-curves: The measured illuminated curve, the measured J SC -V OC curve, and the output of the combined simulation of unit cell and series resistance network. The measured illuminated curves and the curves of combined unit cell and network simulation are in agreement in all cases. The measured J SC -V OC curves show high pseudo-fill factors (FF) of 76 % to 80 % compared to the FF in the illuminated J-V-curves of 45 % to 74 %. The difference of both curves shows the losses due to the resistances mentioned in Table 2 . The FF-limiting resistances are the base contact resistance and the base resistance. Groups A and B have a factor of 20 higher base doping and therefore a lower base resistance and a lower base contact resistance when compared to groups C and D. This results in a higher FF. Groups A and C have full line contacts whereas group B and D have gaps in the contact lines. The current has a shorter path to the contact lines and therefore the base resistance has less influence in group A and C. This effect results in a higher FF for group A and C. Combining the first and the second effect, group A has the highest FF whereas group D has the lowest FF with an FF-loss of 32 % absolute compared to the pseudo-FF.
COMPARISON OF SIMULATIONS WITH EXPERIMENTS
CONCLUSIONS AND OUTLOOK
We present a detailed loss analysis of BC BJ monocrystalline thin-film silicon solar cells. The saturation current densities that we measured on test samples and the modeled generation profile are input data to J-V-curve simulations using the two-dimensional CoBo model. In combination with series resistance network simulation, the simulated current-voltage characteristics are in agreement with experimental measurements. Free energy loss analysis identifies the base contact with a saturation current density of 5x10 4 fA cm 2 as the main efficiency limiting mechanism in our current cell design. It causes 2.6 % absolute efficiency loss. Local contact resistances of 0.1 : cm 2 in combination with a high base resistance lead to fill factor reductions of 32 % absolute. Our simulations show that introducing a BSF could decrease the power loss to 35 W m 2 and the efficiencies would increase to 15.4 %. The use of a front surface texture could increase the generated free energy to 226 W m 2 and hence the efficiency to 18 %. 978-1-4244-9965-6/11/$26.00 ©2011 IEEE
